The intricate biochemical processes underlying avian magnetoreception, the sensory ability of migratory birds to navigate using earth's magnetic field, have been narrowed down to spin-dependent recombination of radical-ion pairs to be found in avian species' retinal proteins. The avian magnetic field detection is governed by the interplay between magnetic interactions of the radicals' unpaired electrons and the radicals' recombination dynamics. Critical to this mechanism is the long lifetime of the radical-pair's spin coherence, so that the weak geomagnetic field will have a chance to signal its presence. It is here shown that a fundamental quantum phenomenon, the quantum Zeno effect, is at the basis of the radical-ionpair magnetoreception mechanism. The quantum Zeno effect naturally leads to long spin coherence lifetimes, without any constraints on the system's physical parameters, ensuring the robustness of this sensory mechanism. Basic experimental observations regarding avian magnetic sensitivity are seamlessly derived. These include the magnetic sensitivity functional window and the heading error of oriented bird ensembles, which so far evaded theoretical justification. The findings presented here could be highly relevant to similar mechanisms at work in photosynthetic reactions. They also trigger fundamental questions about the evolutionary mechanisms that enabled avian species to make optimal use of quantum measurement laws.
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Magnetic interactions in radical-ion pairs (1) hosted in photosensitive proteins are currently thought to be at the basis of avian magnetoreception, the biological compass that avian species (as well as amphibian and marine species (2) ) use for navigation.
The retinal localization (3, 4) of cryptochrome (5) proteins strongly supports this theory since it is the photoexcited donor-acceptor molecules found in cryptochromes that initiate the magnetoreception mechanism by the creation of the radical-ion pair. Further evidence from radiofrequency resonance experiments (6) corroborates the working model (7) of avian magnetic field detection. This is understood to arise from the interplay between magnetic interactions (8, 9) of the radical-pair's unpaired electrons and the radical's recombination dynamics. Specifically, if the radical-ion-pair (RIP) is initially created in the singlet spin state (electron spins anti-aligned), hyperfine interactions with the molecule's nuclear spins and Zeeman interaction with earth's magnetic field start mixing some triplet (electron spins aligned) character into the system's quantum state. This mixing results in a temporal oscillation of the RIP's quantum state (not unlike a precession of a classical top), known as the singlet-triplet (S-T) quantum coherence. Since triplet-state pairs, if at all, recombine to different chemical products than singlet-state pairs, the magnetic field affecting the mixing is encoded in the change of e.g. the singlet-state product yield. Further processing transforms this information into a visual perception (7) that determines the avian response.
It is clear that the S-T coherence lifetime is central to the success of this mechanism. Any process interrupting coherent S-T mixing must be slow enough for appreciable mixing to occur, and measurable yield changes to follow suit. Like every natural oscillator, however, the S-T coherence is susceptible to damping. The RIP recombination process was until now thought to be such a damping mechanism, and the associated recombination rates were thus de-facto required to be smaller than mixing rates. At earth's magnetic field of 0.5 G the latter are on the order of 1 μs -1 . It is known, 3 however, that typical recombination rates are (10) (11) (12) on the order of 10 μs -1 or higher, and depend (5) exponentially on parameters such as the distance between the radicalpair's donor and acceptor molecules. How then can the RIP magnetoreception mechanism function?
In this article it is shown that quantum physics comes to the rescue of the magnetoreception mechanism's viability. One of the peculiarities of quantum physics is that the mere act of observing a quantum system alters its evolution. In particular, frequently observed dissipative quantum systems (damped quantum oscillators) decay at different rates than when freely evolving or weakly observed. This is the well-known quantum Zeno effect, theoretically introduced (13) in 1977. This effect has been observed in numerous experimental settings, ranging from optical transitions (14) of trapped ions to the collision-induced slowing down of ortho-para conversion in molecular spin isomers (15) .
As will be detailed in the following, the RIP's recombination process constitutes a quantum measurement performed on the pair's spin state. Naturally occurring high recombination rates lead to the appearance of the quantum Zeno effect, automatically securing long S-T coherence lifetimes. The counter-intuitive nature of the quantum Zeno effect is manifested in the fact that the higher the recombination rate, the longer the lifetime of S-T beating becomes. A strikingly similar effect underlies recent advances (16) in atomic magnetometers, the magnetic sensitivity of which critically depends on the relevant spin coherence lifetime. Based on the theory to be developed, all experimental findings regarding avian magnetic sensitivity are effortlessly derived in a self-consistent way, without even solving the relevant evolution equation for the RIP's spin state. Observations regarding the value of avian magnetic sensitivity, the birds' insensitivity to field-polarity, the heading error in bird orientation experiments and the magnetic sensitivity functional window, the latter two of which so far evaded theoretical 4 justification, directly follow from the eigenvalue-spectrum of the RIP's spin state evolution equation. Before proceeding with the demonstration of the quantummechanical basis of avian magnetoreception, the workings of the well-established atomic magnetometers will be briefly dwelled upon, since these two seemingly disparate physical realizations of magnetometry share the same physical foundations.
Quantum Zeno effect in atomic magnetometers
The magnetic sensitivity of an ensemble of N atoms with gyromagnetic ratio γ is (17) Zeno effect surfaces, leading to a counter-intuitive rise of the spin coherence lifetime (27) .
Radical-ion-pair recombination is a quantum measurement
The recombination process of radical-ion pairs is a quantum measurement (28, 29) which effectively probes the observable 12 
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S Q    ss , the singlet-state projection operator. In other words the recombination process itself is interrogating the RIP whether it is in the singlet or in the triplet state, so that it can recombine accordingly.
This interrogation is a damping mechanism for the S-T coherence, much as atomic spinexchange collisions dissipate atomic spin coherence. However, when the interrogation frequency is high enough relative to the frequency scale set by magnetic interactions in the RIP, the decay of the S-T coherence is suppressed. The result of the measurement of Q S is either 1 (meaning the radical-pair is in the singlet state), or 0 (meaning the pair is in the triplet state). After one or the other alternative is realized, chemical reactions transform the radical-pair to its state-specific products. The above processes are depicted schematically in Fig. 1 .
The time evolution of the RIP's spin state is described by a differential equation Τhe "ordinary" decay rates (upper branch) which exhibit the expected proportional scaling with the rate k s , and a lower branch in which the decay rates decrease with increasing k s . The latter manifest the counter-intuitive nature of the quantum Zeno effect: in the presence of a strong dissipative mechanism (large k s ), the S-T quantum coherence survives for a longer time.
Explanation of experimental observations on the avian magnetic compass
Just by counting eigenvalues it is straightforward to arrive at an explanation of all basic experimental findings. This is because the short-lived modes (upper branch in Fig. 1a) will decay away in a time scale too short for earth's magnetic field to have any effect.
On the other hand, the long-lived modes will support coherent S-T mixing for a time long enough to allow the geomagnetic field to materialize its presence by altering chemical product yields. The larger the number of long-lived eigenvalues, the stronger will be the S-T mixing, and the more pronounced the change in chemical product yields. On average, half of those terms will be found to be in the triplet state upon the recombination-induced interrogation and will lead to triplet-state products. The singletproduct yield will thus be reduced by roughly 30%, in very good agreement with previous estimates (30) . More important, this happens irrespective of the specific value of the rate k s and irrespective of the number of nuclear spins (i.e. the number of eigenvalues). Thus the magnetoreception mechanism is quite robust, being insensitive to specific values of the system's parameters, as should be the case for the sensory mechanism of living species. In Fig. 2 Whereas current theoretical models (9) predict a continuous avian response starting from zero magnetic field, this plot explains in a straightforward way the experimentally The magnetic-field position of the center of the sensitivity window obviously depends on the hyperfine frequency a. Indulging in any evolution-based interpretations is by no means the current work's objective. Based on the previous analysis, however, it seems that the only requirement for magnetoreception to work is for the hyperfine frequency a to have a value such that the sensitivity window is properly centered at the geomagnetic field. Thus the radical-pair's molecular structure, and in particular the nuclear species determining the unpaired electrons' hyperfine couplings must have evolved in such a way as to properly tune the hyperfine frequencies. This is a more plausible scenario than assuming that nature had conjured up a parameter-sensitive magnetoreception mechanism and then evolved the parameters (recombination rates) until everything works out. After all, typical bio-molecular hyperfine couplings are (33) between 1 and 10 G, so proper centering should not have been too difficult to realize.
In Fig. 3 In summary, it is rather captivating a realization that the eigenvalue spectrum of a density matrix determines macroscopic behaviour of living species. Even more so is the fact that a quantum sensor is at work in magnetic-sensitive birds, i.e. a fundamental quantum phenomenon so far understood to affect truly microscopic and well-isolated quantum systems is seen to underpin a sensory mechanism of avian species and their associated biological behaviour. This realization could lead to the discovery of several other radical-ion pairs participating in similar mechanisms in avian or other species, which so far were not considered due to apparently high recombination rates. To elucidate the quantum Zeno effect a simple spin-1/2 system in a magnetic field B is considered first. Frequent measurements of the system observable s x , the x-axis spin projection, are performed at a rate 1/τ. It is readily shown following standard methods of quantum measurement theory (28, 29) , that the system's time evolution is described in terms of its density matrix by the Liouville equation In the case of the radical-ion-pairs, the observable probed by the recombination process is the singlet-state projection operator Q S . The time evolution of the radicalpair's density matrix is given by equation similar to (2) [ , ] invoke unrealistically small recombination rates is that in the phenomenological evolution equations used (12) , the recombination reaction kinetics and the quantum evolution of the radical-pair's spin state were intermingled in a single density matrix evolution equation. The S-T coherence decay rate was thus directly proportional to the recombination rates, which had to be kept small in order for the weak magnetic field to be able to measurably affect product yields. An attempt to reconcile the problem has appeared early on in the literature (40) .
For almost all calculations a simple model for a RIP was considered, consisting of two molecules (donor and acceptor) having one spin-1/2 nucleus each, denoted by Hamiltonian H, the so-called singlet-triplet (S-T) coherence. This is interrupted by the quantum measurement operators Q S and Q T , which continuously interrogate the system at the respective measurement rates k s and k t . When the measurement produces a definite result, i.e. an eigenstate of Q S , the radical-ion pair can recombine into the corresponding singlet or triplet state products. , proving the experimental finding that avian species are insensitive to magnetic field polarity. The experimentally observed heading error of about 30 o readily follows from the peak's signal-to-noise ratio and the angular width. The noise is due to the superposition of a large number of oscillating terms, and is found to persist in a system with 5 spins, which has 4 times more
